Abstract Chinese-style sausage is a very popular meat product obtained from a mixture of chopped pork meat, lard, salt, spices, additives (nitrate, nitrite, and antioxidants) and/or starter cultures. The antioxidative effect of apple phenolic on lipid oxidation in Chinese-style sausage compared with that of butylated hydroxy toluene (BHT) and ursolic acid were studied. Lipid oxidation was assessed through determination of thiobarbituric acid-reactive substances (TBARs) and volatile aldehydes. The content and composition of fatty acids in phospholipid were evaluated. At the optimum addition level, apple phenolic (0.5 g·kg −1 in total fat) was more effective at inhibiting lipid oxidation than BHT (0.15 g·kg −1 in total fat) and ursolic acid (0.5 g·kg −1 in total fat) in Chinese-style sausages during 120 days storage. Moreover, apple phenolic exhibited stronger phospholipid protective capacity than ursolic acid and BHT at the end of storage. This study reveals a potential application of apple phenolic to enhance the oxidation stability of meat products during long storage.
Introduction
Chinese-style sausage is a very popular meat product obtained from a mixture of chopped pork meat, lard, salt, spices, additives (nitrate, nitrite, and antioxidants) and/or starter cultures (Wang 2000) . In terms of nutrition, sausage is an important source of proteins with a high biological value (Beriain et al. 2000) , however, this product has certain negative effects because of lipid oxidation (Rubio et al. 2008) . The oxidation of unsaturated fatty acids benefits the flavor formation in meat products (e.g., aroma and taste) (Ordoñez et al. 1999 ), however, an excess of oxidation, especially peroxidation of polyunsaturated fatty acids, could produce undesirable off-flavors and odors, and the meat products would not be acceptable for human consumption (Zanardi et al. 2004 ). In fact, Martínez et al. (2007) found that the predominant off-odor came from deterioration related to oxidative processes and not from spoilage related to microbial growth. The polyunsaturated fatty acids, which are generated mainly from the hydrolysis of phospholipids, are susceptible to oxidative reactions (Buscailhon et al. 1994) . Several investigations had been previously reported by Mielnik et al. (2006) , Ansorena and Astiasarán (2004) that volatile aldehydes showed high correlations with TBARs and could, therefore, serve as markers for the oxidation process in the meat products. Furthermore, Chan et al. (1997) had concluded that secondary products of lipid oxidation, specifically α, β-unsaturated aldehydes, were promoters of redox instability in oxymyoglobin.
Natural antioxidants from fruits, vegetables, seeds, cereals, berries, wine, tea, onion bulbs, olive oil and aromatic plants have been studied (Dimitrios 2006) . Their antioxidative properties were often claimed to be responsible for various beneficial health effects of these food ingredients (Rietjens et al. 2002) . Demand for natural food ingredients has increased in recent years reflecting a growing consumer awareness of the possible negative health effects of synthetic food additives (Viuda-Martos et al. 2010) . Natural antioxidants including phenolics (Nassu et al. 2003; Georgantelis et al. 2007 ), active peptide (Nieto et al. 2009 ) and Maillard reaction products (MRPs) (Jayathilakan et al. 2007 ) exhibit various degrees of efficacy when used in different meat product applications. Certain plant phenolics have been reported to be effective inhibitors of lipid and protein oxidation in meat systems (Estévez et al. 2008 (Estévez et al. , 2009 Rodríguez-Carpena et al. 2011; Viuda-Martos et al. 2010; Martínez et al. 2007) .
Apples are one of the more common fruits consumed on a regular basis by many cultures (Boyer and Liu 2004) . However, apple pomace is a major global waste product generated primarily during apple juice processing (Lu and Foo 2000) . Recovery of higher value products from apple pomace which could be economically worthwhile for commercial exploitation is desired. Antioxidant activity of phenolics extracted from apple (the main polyphenols are chlorogenic acid, phlorizin and phloretin) (Peschel et al. 2006 ; Van der Sluis et al. 2002; Sánchez-Rabaneda et al. 2004 ) have been investigated. The aim of this study was to compare the effect of apple phenolics on lipid oxidation of Chinese-style sausage with ursolic acid, a triterpenoid antioxidant from rosemary (Ramos et al. 2010; Prades et al. 2011; Ramachandran and Prasad 2008) , and butylated hydroxytoluene (BHT), a synthetic antioxidant widely used in the food industry.
Materials and methods
Natural antioxidants and chemicals The rosemary triterpenoid (ursolic acid) were obtained from Hannan super biotech Co. Ltd, Hannan, China. The apple phenolic extract (the main polyphenols are chlorogenic acid, phlorizin and phloretin) were obtained from Tianjin Jianfeng Natural Product R&D Co., Ltd, Tianjin, China. The butylated hydroxy toluene (BHT)-264 was purchased from Wenhua Chem Co., Ltd, Shanghai, China.
Optimization of addition level of antioxidants According to the instructions of enterprise and the national standard (GB 2760 , different concentrations of three antioxidants were mixed with pork fat: addition level of apple phenolic were 0.1 g·kg . The experimental fat were then treated with high temperature (30°C) for 15 days to accelerate the oxidation of lipid. During this period, relative humidity of incubator was 70 %. Malondialdehyde (MDA) concentration (also termed Thiobarbituric acid-reactive substances, TBARs) of fat were determined on day 0, 2, 4, 7, 10, 15 to evaluate the lipid oxidation.
Preparation of Chinese-style sausage Boneless pork shoulder meat and pork belly were obtained fresh from the local market. Visible fat and connective tissue were trimmed off the pork meat, and adhering skin was removed from the pork belly. The lean fat and back fat were portioned into 8×8×8 mm cubes. Chinese-style sausages were manufactured according to a traditional formula of 80 % lean pork (w/w) and 20 % pork back fat (w/w). The amounts of the other ingredients, expressed per kg of meat mixture, are as follows: 100 g water, 75 g of sucrose, 30 g of salt, 2 g of monosodium glutamate, and 20 mL of wine. The mixture was divided into four equal parts by weight to prepare the experimental treatments. One unmodified mixture was used as the control sample (CK), and the selected compounds were added to the other sausages as follows: apple phenolics (0.05 % in total fat, w/w) (AP), rosemary triterpenoid (0.05 % in total fat, w/w) (RT) and BHT (0.015 % in total fat, w/w) (BP). After mixing, the mixture was stuffed into natural casing (18-20 cm length, 4.2-4.5 cm diameter, and 0.10-0.12 kg each) and clipped at both ends. As previously mentioned, the use of other ingredients, such as nitrites, phosphates or spices, is permitted in these products. However, Papadima et al. (1999) reported that some of these ingredients contain substances with antioxidant properties, which might interfere with the effects of the added natural antioxidants; thus, no other ingredients were added in the present study. The sausages were rapidly dehydrated according to the following sequence: drying for 24 h at 30°C and followed by drying for 24 h at 50°C. During this period, relative humidity of incubator was maintained between 95 % and 98 %. After these steps, the sausages were placed in a ripening room at 15°C for 20 days. During this period, relative humidity of ripening room was maintained between 85 % and 88 %. The final products were vacuum-packed in plastic bags (LDPE PA/CPP, Shenzhen Rainbow Packaging Co., Ltd., Guangdong, China) and stored at room temperature (24°C) for 4 months to simulate the retail conditions at the supermarket. The samples were collected at day 0, 5, 20, 40, 50, 75, 90 and 120 of storage. The casings were removed prior to analysis. The entire experiment was replicated three times.
Lipid oxidation Lipid oxidation was assessed by determining the aldehydes (TBARs and volatile aldehydes) formed during storage. The TBARs was measured on day 0, 5, 20, 40, 50, 75, 90 and 120 using the aqueous extraction method of Pikul et al. (1989) .
Volatile aldehydes were measured on day 20, 40, 75 and 120 using the SPME-GC/MS method with a GC/MS system (Trace GC/MS, Finnigan, Austin, Texas, USA), which is described briefly as follows: A 20.0 g sliced and minced sample was transferred to a SPME vial (15 cm×1 cm i.d.) at an ambient temperature (15°C) within 3 min. The vial was then closed with a teflon/silicone septum. A SPME fiber with a 75 μm carboxen/polydimethylsiloxane (CAR/PDMS) coating (Supelco, Bellefone, PA, USA) was inserted through the septum and exposed to the headspace of the SPME vial. The extraction was carried out at 60°C for 50 min with stirring in a water bath. Before extraction, the fiber was preconditioned in the injection port of the GC at 250°C for 20 min. After extraction, the SPME fiber was immediately transferred to the injector of the chromatograph. Gas chromatography was performed on a DB5MS capillary column (60 m×0.32 mm i.d., J & W Scientific) coated with poly (dimethylsiloxy) -poly (1, 4-bis (dimethylsiloxy) phenylene) siloxane (1 μm film thickness) using helium as carrier gas. The volatile compounds absorbed by the fiber were desorbed in the injection port of the GC for 2 min at 250°C with the splitless injection mode. The GC conditions were as follows: an initial temperature of 40°C held for 6 min, a programmed increase to 180°C at 5°C/min, a hold at 180°C for 5 min, an increase to 200°C at 7°C/min and a hold for 7 min. The transfer line temperature was maintained at 250°C. The mass spectra were obtained using a mass selective detector with an electronic impact of 70 eV, emission current of 150 μA, ion source temperature of 200°C, scan range of 33-500 m/z and detector voltage of 350 V. Identification of volatiles was achieved by comparing the mass spectral data of the samples with those of the MAINLIB, NISTDEMO, REPLIB and WILLEY libraries. The relative content of the components was determined with the area normalization method.
Phospholipid analysis Samples from each treatment were taken for phospholipid analyses on the 20, 40, 75 and 120th day of storage. Total lipids were extracted from the ground sausage meat with a chloroform/methanol mixture (2:1 v/v) according to the method of Folch et al. (1957) .
The separation of the total lipids into individual classes (neutral lipids, free fatty acids, phospholipids) was performed using Aminopropyl columns (500 mg, Varian, USA) according to the bonded phase columns method of Kaluzny et al. (1985) . The phospholipids fractions were used to analyze the fatty acid composition.
Phospholipid saponification was carried out according to the standard procedure of ISO-5509.
Fatty acid methyl esters were analyzed using a GC/MS system (Trace GC/MS, Finnigan Austin, Texas, USA) and a DB5MS capillary column (60 m×0.32 mm i.d., J&W Scientific) coated with poly(dimethylsiloxy) -poly(1,4-bis(dimethylsiloxy) phenylene) siloxane (1 μm film thickness) using helium as carrier gas. The injector and detector temperatures were 250 and 260°C, respectively. The GC conditions were an initial temperature 80°C, a programmed increase to 210°C at 20°C/ min, an increase to 225°C at 3°C/min, and a hold for 12 min. The transfer line temperature was maintained at 250°C. The mass spectra were obtained using a mass selective detector with an electronic impact of 70 eV, emission current of 34.6 μA, ion source temperature of 230°C, scan range of 20-500 m/z and detector voltage of 70 eV. Identification of fatty acid methyl esters was based on the retention time of standard esters eluting from the capillary column. Peak areas were integrated using Qual browser version 1.4 SR1 (Thermo electron corporation), and the content of each individual fatty acid is expressed as mg/g total lipid.
Statistical analysis All measurements were performed in triplicate, and the data are presented as the mean value of the three samples (mean ± standard deviation). All statistical analyses were conducted using the SPSS statistical package 17.0. An unpaired Student's t-test was used to determine the levels of statistical significance between groups at the 0.05 level.
Results and discussion
Addition level of antioxidants The effect of addition level of antioxidants on experimental lipid oxidation is showed in Fig. 1 . With the increase in the concentration, TBARs of AP and RT showed lesser change during 15 days accelerated oxidation test. No significant difference in BP was detected when addition concentration of BHT reached 0.015 % in total fat (w/w). It was observed that the optimal addition level of antioxidants were 0.05 % apple phenolics in total fat (w/w), 0.05 % rosemary triterpenoid in total fat (w/w) and 0.015 % BHT in total fat (w/w).
Lipid oxidation The levels of TBARs in sausages during ripening and storage are shown in Table 1 . TBARs for samples treated with antioxidants were much lower than that of CK. TBARs of CK and RT reached the highest level at the 20th day, TBARs of BP reached the highest level at the 50th day whereas the highest levels of TBARs for AP was obtained at the 120th day. During the entire storage period, the apple phenolics produced more effective inhibition of the formation and further degradation of MDA, the secondary lipid oxidation products, than the two other antioxidants, RT and BHT (p<0.05).
The content and composition of volatile aldehyde compounds in the sausages were determined, and the results are presented in Table 2 . The volatile aldehyde content in CK was much higher than in the other treated samples at the 20th and 40th day (p<0.05), and no significant differences were found between sausages treated with antioxidants at the early stage of storage (p<0.05). During mid-storage period (75 d), the level in sausages treated with AP and BHT was significantly lower than that in the other samples (p<0.05). At the end of storage (120 day), the inhibiting effect of the antioxidants on the formation of volatile aldehydes displayed the following hierarchy: AP > BHT > RT.
The saturated aldehydes detected in sausages were hexanal, octanal and nonanal. Of these, hexanal and octanal were not detected in any of the sausages until the middle stage of storage (75 day), whereas nonanal was detected during the entire storage period. Furthermore, the levels of these three saturated aldehydes changed similarly to the level of the total volatile aldehydes. At the end of storage, some unsaturated aldehydes were detected in sausages, of these, 10-octadecenal and 2-octenal were present in less than 1 % of sausages treated with RT, BHT and CK. At the 75th day, 3,7-dimethyl-6-nonenal was present in sausages treated with RT and CK. In addition, 2-nonenal was detected in sausages treated with AP and CK at the end of storage (120 day). Benzaldehyde was detected only in sausages treated with BHT and CK.
AP was more effective than RT and BHT in simultaneously inhibiting the increase in TBARs and the formation of volatile aldehydes. In addition, ursolic acid (RT), which was reported to be an effective antioxidant (Ramos et al. 2010; Prades et al. 2011; Ramachandran and Prasad 2008) , showed a weaker antioxidative effect than BHT in our study. Buscailhon et al. (1994) reported that the free fatty acids in cured meat product are mainly generated from the hydrolysis of phospholipids. The content and composition of phospholipids in the sausages are presented in Table 3 . The phospholipid contents decreased to different degrees. At the early stage of storage (20 day), the highest phospholipid content was 268.25 (mg/g total lipid) in sausages treated with RT, and the lowest phospholipid content was 226.66 (mg/g total lipid) in sausages treated with AP. Mid-storage (75 day), the phospholipid contents in sausages treated with BHT and CK were 133.14 and 129.14 (mg/g total lipid), respectively, which were both significantly lower than that of the other sausages (p<0.05). AP was more effective than the other antioxidants in protecting the phospholipid content during the 120 days of storage (p<0.05). The phospholipid content in sausages treated with AP was 132.24 (mg/g total lipid) at the 120 days of storage. C16:0 and C18:0, the predominant saturated fatty acids present in phospholipids, appeared to vary similarly to the total phospholipid content. The unsaturated fatty acids detected in phospholipids were C18:1, C18:2 and C20:4; of these, the monounsaturated fatty acid (MUFA) content varied similarly to the total phospholipid content at the early stage of storage. At the end of storage (120 d), the MUFA contents in AP were significantly higher than in the other sausages (p<0.05). Moreover, AP were more effective than the other antioxidants in protecting the polyunsaturated fatty acid (PUFA) content at the end of storage (75-120 d) (p<0.05). No significant difference in the protective effect towards the phospholipid content was observed at the early of storage, whereas a greater effect of AP on phospholipid content compared with BHT was observed at the end of storage. Erkan et al. (2008) reported that the antioxidant efficiency of phenolic compounds was dependent on structural factors, such as the number and position of hydroxyl groups in the molecule. The synthetic phenolic antioxidant BHT has a single aromatic ring with 1 -OH group capable of donating H˙, whereas chlorogenic acid, phlorizin and phloretin in apple phenolics have 2, 3 and 3 -OH groups, respectively. In our study, hydroxyl group played an important role in antioxidation, and phenolic compounds with multiple hydroxyl groups were more effective than those with only one group. In addition, Halliwell et al. (1987) reported that vicinal -OH groups can chelate prooxidative metals (bivalent transition metal ions), especially Fe(II), which can enhance the formation of hydroxyl radicals by catalyzing oxidative processes and can decompose hydroperoxides via Fenton reactions.
Analysis of fatty acid composition of phospholipids
Chelating these metals can effectively reduce oxidation. The steric relationship of these -OH groups and their arrangement on the ring(s) both played an important role in the ability of the substance to chelate metal ions (Brewer 2011) . Polyphenols with an ortho-dihydroxy substituted arrangement were more effective than trihydroxy-substituted compounds in a metalmediated low-density lipoprotein oxidation model because of their ability to chelate metal ions (Brown and Kelly 2007) . The ability to bind ferrous/ferric ions was shown to be governed by the structure and hydroxyl group of phenolic compounds and to predominately affect the efficacy in inhibiting lipid oxidation mediated by free iron in fish mince during iced storage (Brune et al. 1989 ). The authors also indicated that the absorption effects of polyphenols on iron ions were more prominent when there were 3 hydroxyl groups (galloyl) in the phenolic structure than when there were 2 hydroxyl groups (catechol).
Results of this study were similar to previous findings that the polyphenols in apple pomace showed strong antioxidant activities, and their DPPH-scavenging activities were 2-3 times higher and their superoxide anion radical-scavenging activities were 10-30 times higher than those of the antioxidant vitamins C and E (Lu and Foo 2000) . Some apple varieties showed more effective antioxidant activity with a higher phloridzin content (Karaman et al. 2010) . The antioxidant activity of apple pomace can be predicted by phloridzin content using the DPPH and FRAP assays (García et al. 2009 ). This study reveals a potential application of apple phenolic to enhance the oxidation stability of meat products during long storage. 
Conclusions
Through pork lipid oxidation pre-experiment, the optimum addition level of antioxidants were determined. At the optimum addition level, apple phenolic (0.05 % in total fat, w/w) was more effective than BHT (0.015 % in total fat, w/w) and ursolic acid (0.05 % in total fat, w/w) in inhibiting lipid oxidation in Chinese-style sausages during ripening and 120 days storage. At the end of storage (120 day), apple phenolic showed significantly stronger inhibiting effect on the formation of volatile aldehydes than BHT and ursolic acid. Moreover, the apple phenolic exhibited significantly stronger phospholipid protective capacities than ursolic acid and BHT in sausages at the end of storage.
